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Abstract 
Purpose – This paper seeks to study the resistance of plasma sprayed titanium 
dioxide nanostructured coatings in corrosive environment. 
Design/methodology/approach - Weight loss studies were performed according to 
ASTM G31 specifications in 3.5 wt% NaCl. Electrochemical polarization resistance 
measurements were made according to ASTM G59-91 specifications. Corrosion 
resistance in humid and corrosive environment was determined by exposing the 
samples in a salt spray chamber for one hundred hours. Microstructural studies were 
carried out under an atomic force microscope and scanning electron microscope. 
Findings – The nanostructured TiO2 coatings offer a good resistance to corrosion as 
shown by the results of immersion, electrochemical and salt spray studies. The 
corrosion resistance is primarily dictated by the geometry of splat lamellae, density of 
unmelted nanoparticles, magnitude of porosity and surface homogeneity. 
Practical implications – The TiO2 nanostructured coatings show a promising 
potential for use as abrasion, wear resistant and thermal barrier coatings for harsh 
environment. 
Originality/value – This is an original work that relates the corrosion resistance of 
the nanostructured TiO2 coatings to the surface morphology. 
Keywords – Plasma spray, nanopowders, corrosion, microstructure. 
Paper type - Research paper. 
Introduction 
There has been a dramatic increase in the recent years in the demand for tough, wear 
resistant, abrasion, erosion and corrosion resistant coatings for petroleum, chemical, 
aerospace industry and processes encountering harsh environment such as ball piping 
valves and other equipment. Thermally sprayed titanium dioxide coatings have shown 
a significant measure of success in harsh environment [Unger, 1978; Dai, Ding, Li, 
zhang, Zhang, 1995]. Titanium dioxide coatings can also be utilized in multiple 
applications such as gas sensors, microelectronic devices, etc [Mardare, Hones, 1999]. 
TiO2 is chemically stable, hard, non-toxic, bio compatible, with high dielectric 
constant and interesting photocatalytic activity [Bally, Korobeinkova, Schmid, levy, 
Bussy, 1989]. The native oxide layer on titanium is about 4 nm thick and protects the 
metal from oxidation and consists of mainly rutile and anatase titanium dioxide. It has 
been reported that nanostructured TiO2 coatings offer superior physical and 
mechanical properties compared to conventional TiO2 coatings, although the evidence 
is not conclusive as shown by the work conducted in recent years on PAS and HVOF 
sprayed TiO2 coatings [Kim, Williams, Walker, 2002; Lima, Marple, 2002]. Two 
approaches have been used to deposit nanostructured TiO2: plasma spray (PAS) and 
high velocity oxyfuel (HVOF) employing nanostructured powders. 
Despite significant studies on the key parameters of coating deposition and 
mechanical and physical properties, studies on the corrosion behavior of titanium 
dioxide coatings are seriously lacking. This paper reports the studies conducted on the 
corrosion behavior of nanostructured TiO2 coatings applied via PAS and HVOF 
techniques. 
Experimental 
Three different types of plasma sprayed titanium dioxide coated samples on a mild 
steel substrate were employed for investigations. These samples were plasma sprayed 
by different feedstocks and numbered M102, AE9342 and AE9303 for tracking. 
Sample M102 was a conventional TiO2 coated sample via plasma spray and used as a 
reference sample. Three samples of AE 9342, two samples of AE 9303 and two 
samples of M102 were employed for investigations. Two samples of TiO2 applied by 
HVOF technique were also used to compare the difference between the corrosion 
resistance of titanium dioxide coating applied by the two different techniques.  
Feedstocks 
The feedstocks used were Sulzer Metco nanopowders designated as AE 9340, AE 
9342 and AE 9303. Powder 9340 was a precursor. AE 9342 was made from spray 
dried powder9340 by feeding the powder through a plasma flame to increase the 
density and reduce the volume. Powder AE 9303 was obtained by chemical 
precipitation and spray drying technique. This is followed by sintering in a furnace at 
temperature lower than plasma temperature. 
A standard TiO2 sample plasma sprayed from conventional TiO2 stock (M102) was 
prepared for comparing the results with sample coating from nanopowders. The 
morphology of the feedstock powder is shown in Figures 1-3. 
Processes 
The samples were Plasma Air Spray coated by a patented Sulzer Metco process. In 
the PAS, the spray powder is injected by an argon stream inside different mixtures of 
plasma gas based on the Ar, H2, He system. A slurry containing the nanopowder, 
binder and solvent was introduced by a peristaltic pump at a feed rate of 25 ml min
-1
 
in plasma jet. A Sulzer Metco 9 MB plasma gun was used. The powder was carried by 
Ar at a feed rate of 14 gm-1 in the plasma jet obtained from Ar (~40 spm and H2~3 
spm). The current was fixed at 400 A. 
In the HVOF process, Sulzer Metco CDS100 gun was used with natural gas. The 
flame was obtained by combustion of CH4 and O2. Nitrogen was added to decrease 
the flame temperature. The powder feed rate was 20 gm-1 by nitrogen at a flow rate 
of 12 spm. The spray distance was 100 mm. 
 
Corrosion Experiments 
Weight Loss studies 
Weight loss studies were performed according to ASTM G31 recommended practice 
[7]. The specimens were cleaned and exposed to 3.5 wt% NaCl for 100 hours in open 
atmosphere with slow stirring The solution was replenished to maintain a constant 
volume. At the expiry of 100 hours, the specimens were cleaned by distilled water and 
allowed to dry and stored in a dessicator. The corrosion rate was calculated from the 
loss of weight in units of mils per year (mpy). 
Polarization resistance 
Studies were conducted in accordance with ASTM specifications G 59-91. 
Polarization resistance measurements were commenced after immersing the 
specimens for 2 hours to reach equilibrium and applying a controlled potential scan 
over a range of ± 25 mV with respect to corrosion potential (Ecorr). The data is 
processed to find its first derivative value at Ecorr. A scan rate of 0.5 mV/sec was 
used. The slope of potential (E) and current (I) function at Ecorr was used with Tafel 
constant, βa and βc (determined earlier) to determine Icorr and hence, the rate of 
corrosion. 
Salty spray chamber studies 
The equipment is comprised of a basic chamber, level-matic reservoir (10 gal), salt 
solution reservoir (30 gal) bubble tank, twin optifog assembly and atomizers. The salt 
spray is introduced in the chamber from the optifog assembly. The pH of the solution 
is maintained at 7.4. The cleaned samples are introduced in the chamber for 100 
hours. The effect of exposure is determined both by electron microscopy and loss of 
weight in accordance with ASTM specifications. All experiments were conducted in 
accordance with ASTM recommended practice ASTM D117 [8]. 
Microanalytical studies 
The coated surfaces were observed using a low vacuum scanning electron microscope 
(5800 LV), and a NanoR2
TM
  Atomic Force Microscope. The elemental analysis was 
carried out by energy dispersive x-ray spectroscopy (EDS). X-ray diffraction analysis 
was performed using the Cu Kα radiation. 
Results 
Microstructural studies 
The morphology of feedstock powders AE9340 (nano spray dried), AE9342 (nano 
spray dried and densified) and AE9303 (nano spray dried and sintered) were studied 
under a low vacuum scanning electron microscope. Figures 1-3 show cross sections of 
agglomerates formed by individual nanosized titanium dioxide particles of different 
feedstock powders. Both AE9340 and AE9342 feedstock powders exhibit granule 
shapes which are mainly circular with very few defaults such as small aggregates 
glued to bigger ones as shown in figures. The coating is mainly built by melted 
nanoparticles which flatten to form splat and partially/non-melted particles that 
impinge on the surface. The morphology of coated specimens is illustrated in Figures 
4-8. SEM micrograph of specimen M102 (conventional TiO2) shows an 
unsymmetrical morphology with pores, unmelted particle, agglomerates and a fully 
melted zone. Specimen AE9342 has a large melted zone and a spherical and uniform 
surface morphology in contrast to M102. Different features of the surface morphology 
are shown I Figures 4-8. Specimen AE9303 shows a mixed splat geometry and non-
uniform distribution of splats compared to AE9342 (Figures 9 and 10). In HVOF 
coated n-TiO2 specimen, a large zone is covered with agglomerates compared to PAS 
coated specimens (Figure 11).  
The AFM images of the PAS coated specimens are shown in Figures 12-18. The 
surface of specimen M102 is characterized by a layered structure and periodicity with 
melted zones. The surface morphology of AE9303 shows horizontal voids and 
random packing of splats (Figure 15-16). The surface topography of AE9342 shows 
grain boundaries, columnar grains and large melted zone (Figures 17-18). The above 
studies show that TiO2 PAS coated specimens show a complex morphology which is 
critical to the properties of the coating. 
Weight loss studies 
The results of weight loss studies are presented in Table I. It is observed from Table I 
that PAS nano TiO2 coated specimens show a slightly lower rate of corrosion than the 
PAS conventional TiO2 coated specimens. Figures 19 and 20 show the effect of 
corrosion on the surface morphology. A slight etching of the pancake splat boundaries 
is shown by AE9342 compared to M102 which shows a relatively more pronounced 
etching of splat boundaries. The different between the corrosion rates of the two is 
not, however, very significant. Specimen AE9303 exhibits a slightly higher corrosion 
rate than AE9342. No appreciable difference between the corrosion rates of specimen 
AE9303 and AE9342 is observed. The surface morphology shows slight etching of 
the pancake splat boundaries as shown in Figure 21. The morphology of HVOF nano 
TiO2 coated specimen shows a distinct layered structure, splat lamellae and uniformly 
distributed agglomerates. This morphology does not reveal any appreciable effect of 
corrosion, only a slight etching of the agglomerate boundaries is observed (Figure 22).  
 
 
 
 
 
 
 
 
 
 
Table I: Corrosion rates of conventional and nanostructured TiO2 coated specimens in 
3.5% NaCl. 
Coating Type 
Corrosion rate 
(mpy) 
PAS Normal TiO2 4.40906 
PAS  Nano TiO2 (AE 9342) 4.176868 
APS Nano TiO2 (AE 9303) 4.1770 
HVOF TiO2 
2.7970715 
 
 
Salt spray studies 
The corrosion rates of the specimens after exposing them to salt spray fog 
environment are shown in Table II. No appreciable difference between the corrosion 
rates of conventional and nano TiO2 coated specimens is observed as shown by 
specimens M102 and AE9342. However, nanostructured AE9303 shows a slightly 
higher corrosion rate than the conventional TiO2 coated specimen M102. 
The effect of salt spray environment on the surface morphology of the coated 
specimens is shown in Figures 23-26. Specimen M102 shows slight etching of the 
elongated splat boundaries (Figure 23). Specimen AE9342 shows microgrooves along 
the splat boundaries (Figure 24). Random etching of splats is observed in specimen 
AE9303 (Figure 25) and no appreciable etching is observed on HVOF coated nano 
TiO2 specimen (Figure 26). 
Electrochemical studies 
Typical polarization diagrams of specimens M102, AE9342 and HVOF coated nano 
TiO2 specimens are shown in Figures 27-29. The results are consistent with the 
weight loss and salt spray chamber studies. 
Table II: Corrosion rates obtained for conventional and nanostructured TiO2 coatings 
in salt spray chamber test. 
Type of coating 
Corrosion 
rate (mpy) 
PAS Normal TiO2 4.3519 
PAS Nano TiO2 (AE 9342) 4.143739 
PAS Nano TiO2 (AE 9303) 4.826697 
HVOF TiO2 3.157205 
 
Discussion 
As shown by microstructural studies on the TiO2 coated specimens, the basic building 
blocks of the microstructure are the splats which are formed from either fully molten 
or partially molten droplets which pile upon one another in a layered structure. The 
shape of the splats; circular, disc or elongated effect the homogeneity of the coated 
surface. Figures 4 and 5 show a clear difference between the conventional TiO2 and 
nano TiO2 coated surface. A more spherical geometry of splats and layered melted 
zone is observed on nano TiO2 coated surface compared to conventional TiO2 coated 
surface. The surface morphology of specimens AE9303 shows a mixed splat 
geometry and relatively more non uniform distribution of splats compared to AE9342 
(Figures 8-10). The results of SEM studies are supported by AFM studies. The 
conventional TiO2 coated specimens show a typical layered structured with periodic 
topography. Specimen AE9303 shows larger number of horizontal voids and random 
packing of splats compared to AE9342 which shows a large uniform melted zone, 
grain boundaries and columnar grains (Figures 17-18). From the above observations, 
it is established that specimens AE9342 shows a more uniform surface morphology 
with minimum voids, intermetallic spacing and agglomerates of unmelted or partially 
melted particles compared to AE9303 and M102. The studies presented above suggest 
that the coated surface obtained by plasma arc spraying of AE9342 powder 
approaches closer to the surface of texture required by designers for a coated surface.  
As shown by corrosion studies, both conventional and nanostructured TiO2 coatings 
offer a high resistance to corrosion evident by immersion, electrochemical and salt 
spray chamber studies. However, the nano TiO2 coated samples offer a relatively 
higher corrosion resistance as shown by the results of the investigations. The higher 
corrosion resistance of both HVOF and PAS nanostructured samples in salt spray 
environment augers well for the performance in corrosive environment encountered in 
service. The investigations establish that surface morphology created plasma arc 
spraying dictates the corrosion resistance and also the mechanical properties. 
As shown by SEM images (Figures 4, 6 and 9), fully melted zones, splats, 
agglomerates, interlamellar spaces, pores and voids constitute the morphology of TiO2 
coated specimens. The area occupied by the fully melted zones, a circular and 
homogeneous morphology of splats, minimum number of pores, voids and unmelted 
particles and minimum space between the splats, represent a morphology resistance to 
damage by corrosion as shown by investigation. The results of SEM morphology and 
corrosion studies are further confirmed by AFM images. The random packing of 
splats and large voids shown in Figure 16 represent an unfavourable morphology 
whereas the presence of a large melted zone and columnar grain represent a 
morphology more resistant to corrosion (Figures 16-18). The nanostructured coatings 
only exhibit slight etching and no instances of pitting or intergranular corrosion have 
been observed in the investigation. The corrosion attack is predominantly in the form 
of etching. The feedstock powder contains predominantly anatase phase (Figure 30). 
The difference between the corrosion rates of HVOF coated nano TiO2 coated and 
PAS coating may be attributed to the anatase contents which are sensitive to 
temperature. To summarize the plasma sprayed nano TiO2 coating appears to be 
highly promising and offer a good resistance to corrosion. By optimizing the surface 
morphology through control of key parameters, the resistance of the coatings to 
external damage may be optimized.  
 
Conclusion 
On the basis of the studies conducted, following are the conclusions. 
a. The corrosion resistance of nanostructured titanium dioxide coatings is 
dictated largely by the surface texture and morphology. 
b. The distribution and geometry of splat lamellae, contents of unmelted 
nanoparticles, magnitude of porosity are the primary factors which effect the 
microstructure and consequently the corrosion resistance. 
c. All plasma sprayed nanostructured TiO2 coatings show a good resistance to 
corrosion in 3.5 wt% NaCl under open air conditions. 
d. The coatings investigated exhibit a high resistance to corrosion in salt spray 
chamber. 
e. Electrochemical studies support the results obtained by immersion and salt 
spray tests. 
f. The HVOF nanostructured TiO2 coatings offer a slightly higher resistance to 
corrosion than APS nanostructured TiO2 coatings. 
g. The processing techniques leave ample of room to improve the surface 
texture and morphology and consequently the corrosion resistance. 
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Figure 1: METCO AE9340 nano spray-dried powder. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: METCO AE9342 nano spray-dried and densified powder. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: METCO AE9303 nano spray dried and sintered powder. 
  
Figure 4: A layer type dense structure with different geometries of splats in 
Conventional TiO2 (M102) obtained by plasma arc spraying. 
 
 
Figure 5: A homogenous surface morphology with pronounced spherical pancake 
splats, with inclusions and pores in nanostructured TiO2 coating (AE9342) obtained 
by plasma arc spraying. 
 
 
 
Figure 6: A dense and homogenous structure observed in nanostructured TiO2 coating 
(AE9342). Densification of pancake splats is shown in micrograph. 
 
 
Figure 7: The distribution of pores and small unmelted particles in nanostructured 
TiO2 coating (AE9342). 
 
 
Figure 8: Agglomeration and fully melted zone in nanostructured TiO2 coating 
(AE9342). 
 
Figure 9: Specimen AE9303 showing a mixed splat geometry and non uniform 
distribution of splats. 
 
 
Figure 10: Specimen AE9303 showing agglomerates, voids, mixed splat geometry 
and non uniform morphology. 
 
 
 
Figure 11: HVOF coated nano TiO2 specimen shows a large number of agglomerated 
melted and unmelted particles and large melting zone, pores, voids and a relatively 
more homogeneous surface morphology. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: An AFM image of M102 in contact mode showing a layered structure. 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 13: An AFM image of M102 in vibrating mode. A dense spherical surface 
topography is shown. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14: Periodicity of topography showing fully melted white zones and partly 
melted grey zones in M102. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15: Horizontal voids with a dense surface morphology is observed in AE9303. 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16: Image of AE9303 in vibrating mode showing random packing of splat, 
large voids and distinct intersplat zones. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17:Surface topography of AE9342 showing grain boundaries in contact mode. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18: Columnar grains observed in AE9342 in the vibrating mode. 
 
 
Figure 19: Slight etching of pancake boundary is observed in nanostructured TiO2 
coating (AE9342). 
 
 
Figure 20: Relatively more pronounced etching of different splat geometries is 
observed in conventional TiO2 coating (M102). 
 
 
Figure 21: Etching of pancake splat boundaries in nanostructured TiO2 coating 
(AE9303). 
 
Figure 22: Layered microstructure and splat lamella are observed in HVOF coated 
nanostructured TiO2 coating. 
 
 
 
Figure 23: Attack along splat boundaries is observed in conventional TiO2 coating 
(M102). 
 
 
Figure 24: Microgrooves observed in nanostructured TiO2 coating (AE9342). 
 
Figure 25: Random etching of splats is observed in nanostructured TiO2 coating 
(AE9303). 
 
 
Figure 26:  No pronounced etching in HVOF coated nanostructured TiO2 coating. 
 
 
Figure 27: Polarization resistance curve of conventional TiO2 coating (M102). 
 
Region = -105.9 mV to -95.7  mV 
BetaC = 120.0 mV/Decade 
BetaA = 120.0 mV/Decade 
Ecorr = -583.3 mV 
Icorr = 2.721E-05 A/cm2 
Rp = 9.576E+02 Ohm cm2 
CorrRate = 16.468 mpy E (V) 
E(
m
V)
I(uA)
-340
-360
-380
-400
-420
-440
-320
-40-80-120-160-200-240-280-320 0 40
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 28: Polarization resistance curve for Nanostructured TiO2 coating (AE9342). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 29: Polarization resistance curve for HVOF coated TiO2 coating. 
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Figure 30: APS Nanostructured TiO2 Coating (AE9342). 
 
 
 
 
 
 
